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Introduction {#s1}
============

Obesity is associated with several comorbidities, e.g. metabolic syndrome (MetS), type 2 diabetes (T2D) and cardiovascular diseases, and has also been linked to low-grade inflammation and hypertension [@pone.0114790-Ouchi1], [@pone.0114790-Colosia1]. Chronic low-grade inflammation can be considered as one of the primary mechanisms behind the adverse health effects of obesity [@pone.0114790-Xu1]--[@pone.0114790-Xu2]. Berries, especially bilberries and blueberries have been shown to have potential in the preventive management of these complications. Their effects have been suggested to be mediated via anti-inflammatory action [@pone.0114790-DeFuria1]--[@pone.0114790-Vendrame1]. However, the characterization of the immunological effects of bilberries is still poorly understood and, virtually nothing is known about their systemic effects at the cellular level. The inflammatory mechanisms caused by obesity are highly complex involving several cellular components and mediators [@pone.0114790-Ouchi1], [@pone.0114790-Kolb1]. Prolonged feeding of C57BL "black" mice with a high-fat diet (HFD) is known to increase adiposity and the production of inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α), monocyte chemoattractant protein 1 (MCP-1) and interleukin 1-beta (IL-1β) [@pone.0114790-Xu2]. Infiltration of cytotoxic T cells (Tc, CD8^+^ T cells) or natural killer T cells (NKT cells) into adipose tissue is mainly responsible for macrophage recruitment and the recruitment is further induced by the reduction of adaptive immune functions of T cells and regulatory T cells (Treg cells) [@pone.0114790-Nishimura1], [@pone.0114790-Ohmura1]. Also the systemic T helper type 1 (Th1)/Th2 cell ratio appears higher for obese animals. Th1 cells secrete cytokines, which stimulate cell-mediated immune responses central in the innate pro-inflammatory responses associated with low-grade inflammation in obese mice [@pone.0114790-Strissel1].

The C57BL mice fed with HFD become obese within weeks and with prolonged feeding they develop insulin resistance and glucose intolerance, hypertension and low grade (metabolic, meta-) inflammation [@pone.0114790-Winer1], [@pone.0114790-Xu2], [@pone.0114790-Mills1]--[@pone.0114790-Montgomery1]. Adipose tissue derived cytokines, especially the chemoattractant proteins, recruit lymphocytes to the site of chronic inflammation [@pone.0114790-Xu2]. Previous studies which examined the anti-inflammatory effects of whole blueberries and bilberries of *Vaccinium* species have concluded that the health effects of these berries could be immunologically mediated [@pone.0114790-DeFuria1]--[@pone.0114790-Vendrame1] but, the characterization of the immunological effects is still poorly understood and little is known about their systemic effects at cellular level.

Bilberries (wild European blueberries, *Vaccinium myrtillus*) are rich in anthocyanins (ANCs), making them a unique dietary source of flavonoids [@pone.0114790-Riihinen1]--[@pone.0114790-Ovaskainen1]. Whilst the fruits and berry peels [@pone.0114790-Riihinen1] are rich in ANCs, bilberries contain also phenolic compounds other than flavonoids (flavonols, phenolic acids and pro-anthocyanidins) and vitamins C and E which may also be partly responsible for their activities. Investigations examining the health benefits of berries and especially ANCs have revealed antioxidative, anti-inflammatory, antimicrobial, antidiabetic and anticarcinogenic properties [@pone.0114790-He1], [@pone.0114790-Nile1]. Bilberry fruits and leaves have been used to control glucose levels in traditional medicine but with varying success [@pone.0114790-Ghosh1], [@pone.0114790-Helmstadter1]. Blueberries, bilberries or pure ANCs or their extracts have shown anti-obesity effects in mouse models or reduced obesity-associated symptoms [@pone.0114790-DeFuria1], [@pone.0114790-Jayaprakasam1]--[@pone.0114790-Takikawa1], but the findings with whole berries seem not to be as consistent as with extracts [@pone.0114790-Prior2], [@pone.0114790-Prior3]. Earlier studies have also shown that ANCs or their sources, other than whole bilberries, reduce blood pressure in rodent models of hypertension [@pone.0114790-Shindo1]--[@pone.0114790-RodriguezMateos1]. However, the HFD mouse model with whole bilberries (*Vaccinium myrtillus*) has only been utilized in a previous study focusing on retinal gene expression [@pone.0114790-Mykkanen1].

This is the first study to have utilized the HFD mouse model to comprehensively examine the effects of bilberries on the key features of MetS and obesity (energy and glucose metabolism, blood pressure and body fat content) together with an extensive concomitant analysis of their immunomodulatory effects.

Methods {#s2}
=======

Animal study design and diets {#s2a}
-----------------------------

The diets used in this study were normal control diet (NCD, 10% kcal fat, D12450B), high-fat diet (HFD, 45% kcal fat, D12451), and 5% or 10% (w/w) of whole freeze-dried bilberries (BB) in HFD (HFD+5% BB or HFD+10% BB) (Research Diets, New Brunswick, NJ, USA. Research Diets Inc. [www.researchdiets.com](http://www.researchdiets.com)). This model utilizes an open source diet having a well-controlled composition and a C57BL/6J inbred mouse strain that is known to display genetic predisposition to weight gain [@pone.0114790-Rossmeisl1], [@pone.0114790-Collins1]. The pilot experiment using graded levels of freeze-dried bilberries enriched with small berries and peels (0--10%w/w) in HFD indicated that 5% (w/w) of freeze-dried bilberries in the diet was effective to increase insulin sensitivity at 7 weeks (Figure S1 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics).The 5% BB diet was matched with the control HFD for carbohydrate (sucrose and cellulose) and potassium (potassium citrate) contents and pelleted by the manufacturer. The 10% BB in HFD diet was prepared in our laboratory by replacing 10% (w/w) of HFD with freeze-dried BB and adding 13% (w/w) Milli Q -purified water for pelleting and then drying the pellets at +34°C overnight. The ACN content of the diets and the freeze-dried bilberries was analyzed with the HPLC method of Koponen et al. (2007) [@pone.0114790-Koponen1]. The energy and principle nutrient composition of the diets is shown in [Table 1](#pone-0114790-t001){ref-type="table"}. Also the detailed ingredients as well as anthocyanidins (ANC aglycones), salt and lipid contents of the diets are described in the supporting information ([S1 Table](#pone.0114790.s002){ref-type="supplementary-material"}).

10.1371/journal.pone.0114790.t001

###### Energy nutrient composition of the diets.

![](pone.0114790.t001){#pone-0114790-t001-1}

                         NCD    HFD    5%BB in HFD   10%BB in HFD                      
  --------------------- ------ ------ ------------- -------------- ------ ----- ------ -----
  **Protein**            19.2    20       23.7            20        23.5   21    21.2   19
  **Carbohydrates**      67.3    70       41.4            35        39.9   33    41.8   38
  **Fat**                4.3     10       23.6            45        23.5   46    21.2   43
  **Total**              90.8   100       88.7           100        86.9   100   84.2   100
  **Energy (kcal/g)**    3.85   4.73      4.70           4.56                          

The composition of normal control diet (NCD), high-fat diet (HFD), 5% and 10% BB in HFD.

The diets were started at the age in 4--5 weeks and fed *ad libitum* for 3 months. Up to 200 mice (C57BL/6J) were used in four repeated sets of feeding experiments (batch) over the course of the study. The animals were randomly divided into diet groups with a maximum of 60 mice in each batch. Body weights were measured weekly and food and water consumption at weeks 1--2 (beginning), 5--7 (middle) and 11--12 (end). In addition, food and water intakes were assessed during weeks 8--12 (end) with an automated metabolic phenotyping unit (LabMaster; TSE Systems, GmbH, Bad Homburg, Germany) [@pone.0114790-Tauriainen1]. After 12 weeks of feeding the animals were euthanized using CO~2~ asphyxiation and cervical dislocation and blood samples were collected for glucose, insulin, lipid and cytokine measurements. The other measured phenotypic parameters included glucose tolerance (GT), insulin resistance (IR), systolic blood pressure (SBP), weight gain, respiratory exchange ratio (RER) and body fat %, the time points of measurements are shown in [Figure 1](#pone-0114790-g001){ref-type="fig"}. Systolic blood pressure was measured with a Tail Cuffs System and fat disposition using magnetic resonance imaging (MRI) at 12 weeks. All procedures were performed according to the national legislation on animal experimentation and approved by the Committee of Animal Experiments in the County Administrative Board (The State Provincial Office of Finland, Hämeenlinna, Finland).

![Weight gain and fat percentage of mice fed HFD and bilberries.\
The diets used were normal control diet (NCD), high-fat diet (HFD), 5% and 10% (w/w) BB in HFD fed for 12--14 weeks. The time points for testing systolic blood pressure (SBP), glucose tolerance (GTT), insulin sensitivity (IST) and respiratory exchange ratio (RER) in four repeated experiments are displayed in the figure. The bars represent the means and SEM of n = 22--37 mice per diet group in measured weight gain and n = 8--9 mice in measured fat %. Asterisk (\*) indicates the significant differences of HFD group from NCD and 5% BB and 10% BB in HFD groups (p\<0.05, Mann Whitney U-Test with Bonferroni\'s correction).](pone.0114790.g001){#pone-0114790-g001}

Energy metabolism, locomotor activity, and body fat percentage {#s2b}
--------------------------------------------------------------

HFD consumption has been associated with increased and uncontrolled energy intake and reduced activity [@pone.0114790-Sharma1]. To examine the effects of HFD and bilberries on energy expenditure, a calorimetry system (LabMaster) was used to measure locomotor activity, RER and lipid utilization. The instrument consists of a combination of sensitive feeding and drinking sensors for automated online measurements. The calorimetric system is an open-circuit system that determines continuously and simultaneously O~2~ consumption, CO~2~ production, and therefore RER of the estimated respiratory quotient (RQ  =  *V*CO~2~/*V*O~2~). The laser beam-based activity monitoring system detects and records ambulatory movements, including z-axis events such as rearing and climbing. The mice were placed in cages after a 3--5 day training period using similar drinking bottles and cages in the same room (run-in phase). After adaptation the data was collected over a 3--4 days per mouse. A total of 6 mice per diet group (4 diet groups per experiment) were recorded using mice from two repeated experiments. For the determination of body fat content, mice were anesthetized with isoflurane and the body fat was measured at 12 weeks from eight mice per group with MRI with nitrogen/oxygen (70/30, vol/vol) carrier and 4.7T Magnex magnet combined with a Varian UNITY INOVA console [@pone.0114790-Thomas1]. All data from the T1-weighted images were gathered as 3D-gradient echo images with a 0.39x0.31x0.31mm^3^ resolution and analyzed with Matlab from neck to the basal tail to gain total body fat %.

Glucose tolerance and insulin sensitivity {#s2c}
-----------------------------------------

Glucose tolerance and insulin sensitivity testing were carried out using a previously described protocol [@pone.0114790-Heikkinen1]. In brief, the intraperitoneal glucose tolerance test (IPGTT) was performed at 9 weeks by administering i.p. 10 µl/g (weight) of 20% (w/v) glucose in 0.9% NaCl (2 g/kg weight of mice). The blood glucose concentration was measured from the tail vein after 12--14 h (overnight) fasting at baseline (0 min) and 15, 30, 60, 90 and 120 min after i.p. glucose administration using One Touch Ultra analyzer (LifeScan, Milpitas, USA). Glucose tolerance was measured in each experiment using a total of 20--28 mice per group.

Insulin sensitivity was measured at 11--12 weeks with i.p. administration 10 µl/g (weight) of 0.025 IU/ml Humulin insulin in 0.1% bovine serum albumin (w/v) and 0.9% NaCl (w/v) (0.25 IU/kg weight of mice). Blood glucose was analyzed from the tail vein with the One Touch Ultra Analyzer after a 2-hour fast at baseline (0 min) and at 15, 30 and 60 min after i.p. injection. Since fasting glucose levels differed between the groups, the percentage values were calculated to examine the relative insulin sensitivity [@pone.0114790-Heikkinen1]. Insulin sensitivity was measured in each experiment using a total of approximately 20 mice per diet group. The area under the curve (AUC) was analyzed using Graph Pad Prism software.

Serum lipids, cytokines and insulin {#s2d}
-----------------------------------

Blood serum was collected using Microvette CB 300 capillary tubes according to the manufacturer (Sartsedt AG & Co, Nümbrecht, Germany) from 15--20 mice/diet group when sacrificed for the analysis of serum lipids (triglycerides, HDL, LDL, total cholesterol and non-esterified free fatty acids/FFA) using the Thermo Fisher Konelab 20XTi Analyzer (Thermo Electron Corporation, Vantaa, Finland).

Cytokines and adipokines were analysed from blood serum or heparinized plasma samples (10--20 mice/diet group) using the LINCOplex ELISA multi analyte detection system applied in Luminex instrumentation (Linco Research Inc, USA). The cytokines; MIP-1α, G-CSF, MCP-1, KC, RANTES, IFN-γ, IL-1β, IL-1α, GM-CSF, IP-10, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12(p70), TNF-α, IL-9, IL-13, IL-15, IL-17 were measured in samples diluted 2∶3 in the serum matrix using the mouse Multiplex kit (Lincoplex KIT MCYTO 70K, Linco Research, St. Charles, Missouri, U.S.A.). Quantification was conducted using the best fit equation of standards (2-2000 pg/mL) in Curve Expert software with correlation coefficients above 0.999 (<http://www.curveexpert.net>). For analysis of adiponectin, insulin, leptin, resistin and tPAI the samples were diluted 1∶4 in serum matrix (MADPK-71K, Millipore Corporation, Billerica, MA, USA). Measurements were carried out in Bio-Rad Bead Station (v.4.1.1, Biorad, Hercules, USA) according to the manufacturer\'s instructions. Data analysis was carried out with a logistic 5PL fit and the quality of runs was ensured by daily re-calibration and monitoring CV% of the standards and the provided controls, bead counts and aggregates. Samples with a high percentage of aggregates or multiple sampling errors were excluded. Further analysis of the net effects of grouped cytokines on potentially pro-inflammatory and Th1 responses were done by calculating the sum of z-scores of the respective cytokines. Grouping was carried out according to the cytokine functions [@pone.0114790-Kleemann1]--[@pone.0114790-Seruga1]: the most common pro-inflammatory cytokines (IL-1α, IL-1β, IL-2, IL-6, IL-12, IL-15, IL-17, RANTES and TNF-α), the obesity associated pro-inflammatory cytokines (MCP-1, IL-1β, IL-6 and TNF-α), and the T helper cell type 1 cytokines (IL-2, IL-12, INF-γ and TNF-α).

Cellular markers of inflammation {#s2e}
--------------------------------

Lymphocytes were instantly harvested from the spleens of euthanized mice as previously described (n = 6--11 per group) [@pone.0114790-Kirjavainen1]. The relative presence of different lymphocyte populations and their intracellular cytokine production were determined by flow cytometer [@pone.0114790-Kirjavainen2]. For the detection of intracellular cytokines, the cell preparations were stimulated for 5h at 37°C with 5% CO~2~ with brefeldin A at 10 µg/ml, phorbol 12-myristate 13-acetate (25 ng/µl) and ionomycin (1 µg/ml) (Sigma, St. Louis, MO, USA). Initially the cells were incubated with Mouse BD Fc Block (BD Biosciences, San Diego, CA) to reduce non-specific binding and then stained with surface marker specific fluorochrome-conjugated antibodies (anti-CD3-AlexaFluor(AF) 700 (clone 17A2), anti-CD4-APC-Cy7 (RM4-5), anti-CD8a-PE-Cy7 (53--6.7) (BioLegend, San Diego, CA, USA), and anti-NK-1.1-PerCP-Cy5.5 (PK136) (BD Biosciences) followed by fixation. The cells were subsequently permeabilized and stained according to the manufacturer\'s instructions for cytokine specific antibodies for IFN-γ, IL-4 and IL-17 (anti-IFN-γ-AF488 (XMG1.2), anti-IL-4-PE (11B11) and anti-IL-17-AF647 (TC11-18H10.1), BioLegend, San Diego, CA, USA) utilizing the FIX&PERM reagents (Caltag Laboratories, Invitrogen, UK). Data acquisition was performed with a flow cytometer (BD FACSCanto II) and data analysis using BD FACSDiva software (BD Biosciences, San Diego, CA).

Systolic blood pressure {#s2f}
-----------------------

Blood pressure and heart rate were recorded with a non-invasive indirect method using photoelectrical detection of blood flow in Tail Cuffs System (IITC Life Science Inc. CA, USA) with slight modifications from the previously described protocol [@pone.0114790-Johns1]. Mice were adapted to the measuring conditions with daily 5--15 min training period for 1--2 weeks. The systolic blood pressure (SBP) was measured in restrainers after a short adaptation and sham measurements (3--5 min) followed by 10 repetitive measurements at 33°C during the same daily hours. The heart rate and blood pressure were estimated from a minimum of six repeated measurements.

Statistical analysis {#s2g}
--------------------

The statistical testing of the results was performed using the SPSS software (IBM Corp, Version 19.0, Armonk, NY, USA). The differences between the groups were compared with the nonparametric tests (Kruskal-Wallis test followed by Mann-Whitney U-test) and the normally distributed data with the one-way ANOVA, all tests being subjected to the Bonferroni\'s correction for multiple testing to avoid false positives. Correlation analyses were carried out using a Spearman\'s bivariate method. The values for HFD group were compared to the values for NCD group and to those of the HFD groups containing 5% or 10% BB. All data were presented as mean ± standard error of the mean (SEM) or standard deviation (SD). The data visualization and exportation was carried out using Microsoft Excel (v. 14.0.7106.5003) applied with Daniel\'s XL Toolbox (v.6.22) in Office surroundings.

Results {#s3}
=======

Weight gain, body fat percentage, feed consumption and energy metabolism {#s3a}
------------------------------------------------------------------------

Mice fed with HFD gained more weight and had increased body fat % as compared to mice fed with NCD (p\<0.05) ([Figure 1](#pone-0114790-g001){ref-type="fig"}). The locomotor activities and heat production remained the same between the groups (data not shown), but mice in HFD consumed significantly less food throughout the entire study period than mice in NCD ([Table 2](#pone-0114790-t002){ref-type="table"} and [Table S2](#pone.0114790.s003){ref-type="supplementary-material"}). The mean energy intakes however did not differ between the diet groups, due to the higher energy density ([Table 1](#pone-0114790-t001){ref-type="table"} and [2](#pone-0114790-t002){ref-type="table"}). In addition, mice on the HFD consumed less carbohydrate and more fat than those on the NCD, which was also verified by the respiratory exchange rate (RER: NCD 0.93±0.1 and HFD 0.81±0.1, p\<0.05). The average anthocyanin intake in mice fed with bilberries was 1.9 mg/day and 7.0 mg/day in diet groups receiving 5% and 10% BB, respectively.

10.1371/journal.pone.0114790.t002

###### Food consumption and calculated intake of macronutrients.

![](pone.0114790.t002){#pone-0114790-t002-2}

                                     NCD          HFD       5%BB in HFD   10%BB in HFD
  ------------------------------ ----------- ------------- ------------- --------------
  **Food (g/d)**                   3.0±0.1    2.4±0.1^a^      2.7±0.1       2.2±0.1
  **Food (mg/g/d)**               113.0±2.7    86.4±2.4      92.4±4.2       84.8±3.3
  **Protein (mg/g/d)**            21.5±0.5     20.5±0.6      21.7±1.0       18.0±0.7
  **Carbohydrates (mg/g/d)**      75.4±1.8    35.0±1.0^a^    36.9±1.7       35.4±1.4
  **Fat (mg/g/d)**                 4.9±0.1    20.4±0.6^a^    21.7±1.0       18.0±0.7
  **NaCl (mg/g/d)**               0.28±0.01    0.26±0.01     0.27±0.01     0.23±0.01
  **Cholesterol (**µ**g/g/d)**    0.12±0.00    0.11±0.00     0.11±0.01     0.10±0.00
  **Energy (kcal/g/d)**           0.43±0.01    0.40±0.01     0.43±0.02       ± 0.02

a\) Significantly different as compared to NCD (p\<0.001, Mann Whitney U-Test with Bonferroni\'s correction).

Mice were fed with NCD, HFD and HFD with 5 or 10% BB for three months. Values are daily intakes measured at weeks 11--12, adjusted for weight, and presented as the mean ± SEM of n = 20--26 mice per diet group (see details in [Table S2](#pone.0114790.s003){ref-type="supplementary-material"}).

Glucose tolerance and insulin resistance {#s3b}
----------------------------------------

Mice on HFD displayed a significantly higher AUC~glucose~ in GTT (became glucose intolerant) as compared to mice on NCD, whilst the mice on 5 or 10% BB in HFD did not differ from those receiving HFD (Figure S3 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics). The fasting glucose levels in IST (2 h fast) and GTT (12--14 h fast) were significantly higher in mice having HFD than in mice on NCD (NCD; 8.4±0.3 and 5.1±0.4 mmol/l, HFD; 9.7±0.3 and 6.0±0.3 mmol/l, p\<0.05) (Figures S2 and S3 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics). The AUC~glucose~ in the IST was also significantly higher in mice fed HFD with or without bilberries than in those fed with NCD, indicating that mice on HFD became more insulin resistant and bilberries could not prevent it (Figure S2). The relative insulin sensitivity did not differ between the diet groups. Nevertheless, the glucose levels at sacrifice were significantly lower in mice fed with NCD or 10% BB in HFD (9.5±0.6 or 9.3±0.5 mmol/l) as compared to mice fed HFD alone (10.7±0.4 mmol/l). Also, the levels of insulin at sacrifice were significantly lower in NCD mice (343±81 pg/ml) than in HFD mice (835±168 pg/ml), but were not affected by the addition of bilberries to HFD (5% BB: 828±137 pg/ml; 10% BB: 946±138 pg/ml).

Serum lipid profiles and adipokines {#s3c}
-----------------------------------

The total cholesterol levels were significantly increased in mice fed HFD and 5 or 10% BB in HFD (3.4±0.2, 3.9±0.2, 3.9±0.2 mmol/l, respectively) as compared to mice fed NCD (2.5±0.1 mmol/l) (p\<0.05). The increase was mainly due to an increase in the HDL cholesterol concentration. HFD alone, but not with bilberries (10%), tended to increase FFAs (Table S3 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics). HFD significantly increased, whilst bilberries had no marked effect on leptin levels ([Table 3](#pone-0114790-t003){ref-type="table"}). The resistin levels were significantly reduced in 10% BB in HFD mice, while those of adiponectin, a known anti-inflammatory adipokine, showed a decreasing trend in HFD and an increasing trend in BB supplemented HFD ([Table 3](#pone-0114790-t003){ref-type="table"}).

10.1371/journal.pone.0114790.t003

###### Serum levels of adipokines in mice fed with HFD or HFD with bilberries.

![](pone.0114790.t003){#pone-0114790-t003-3}

  Adipokines                   NCD          HFD       5%BB in HFD   10%BB in HFD
  ------------------------- ---------- ------------- ------------- --------------
  **Leptin (ng/ml)**         2.8±0.3    **6.1±1.2**     6.1±1.9       5.6±1.0
  **Resistin (ng/ml)**       2.3±0,2      2.0±0.8       1.8±0.2      1.3±0.2^a^
  **Adiponectin (µg/ml)**    26.1±3.0    20.6±1.5      22.0±2.1       28.8±6.0

In bold the trend for difference as compared to NCD (p\<0.1, Mann Whitney U-Test with Bonferroni\'s correction).

a\) Significantly different as compared to HFD (p\<0.05, Mann Whitney U-Test with Bonferroni\'s correction).

The mice were fed with normal control diet (NCD), high-fat diet (HFD) and 5% or 10% BB in HFD for 12--14 weeks. Values are means ± SEM of n = 4--10 mice per diet group.

Cytokines, hormones and cellular markers of inflammation {#s3d}
--------------------------------------------------------

The levels of pro-inflammatory cytokines, chemokines and growth factors are shown in [Figure 2](#pone-0114790-g002){ref-type="fig"} and Table S4 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics. These levels were higher in HFD compared to NCD fed mice, but only with interleukin 13 (IL-13) the trend approached statistical significance (p\<0.1). In contrast, the levels of several pro-inflammatory cytokines (IL-1β, IL-2, IL-7 TNF-α, GM-CSF and MCP-1) tended to be lower with the BB supplemented diets. From these cytokines, MCP-1 was significantly reduced with both BB diets. G-CSF tended to increase with BB feeding. Since the detection of several cytokines, i.e. IL-1α, IFN-γ, IL-13 and IL-15, was limited in mice with diets containing BB, we summarized the changes in functional categories of cytokines using the z-scores ([Figure 3](#pone-0114790-g003){ref-type="fig"} and Figure S4 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics). The pro-inflammatory cytokines showed a mild increase after HFD vs. NCD (p\<0.2), and the addition of BB to HFD seemed to prevent dose-dependently this increase in pro-inflammatory (Figure S4 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics) and T helper type 1 cytokines ([Figure 3](#pone-0114790-g003){ref-type="fig"}). Accordingly, the number of type 1 cells of all T cells was significantly reduced in 10% BB fed mice. Cytotoxic T cells and the ratio of Th1 to Th2 cells also showed a dose dependent reduction in BB fed mice ([Figure 3](#pone-0114790-g003){ref-type="fig"}). The percentage of NKT cells, mature NKT cells, INF-γ producing cells of all T cells, Th1/Th2 ratio and Th1 cells were all reduced in mice having 10% BB in HFD as compared to HFD alone ([Table 4](#pone-0114790-t004){ref-type="table"}). In addition, the percentage of NKT of all cytotoxic cells was significantly lower in 10% BB in HFD than in HFD only (2.5±0.2 vs.7.0±1.2, p\<0.05).

![Serum levels of pro-inflammatory cytokines in mice fed with NCD, HFD or HFD with bilberries.\
The bars represent the means and SEM of n = 3--15 mice per diet group. The pleiotropic cytokines with both pro- and anti-inflammatory actions are marked with a number sign (\#). Asterisk (\*) indicates the significant differences of HFD group from 5% BB and 10% BB in HFD groups (p\<0.05, Mann Whitney U-Test with Bonferroni\'s correction).](pone.0114790.g002){#pone-0114790-g002}

![Proportion of pro-inflammatory cells and levels of cytokines in serum from mice fed NCD, HFD or bilberries in HFD.\
T helper type 1 cells (Th 1, CD3+CD4+IFNg+IL4-), cytotoxic T cells (Tc, CD3+CD8+) and Tc secreting INFg as precentage of T cells (CD3+) in spleen. The bars represent the mean and SEM of n = 6--11 mice per diet group. Asterisc (\*) indicates the significant differences of HFD group from NCD and 5% BB and 10% BB in HFD groups (p\<0.05, Mann Whitney U-Test with Bonferroni\'s correction).](pone.0114790.g003){#pone-0114790-g003}

10.1371/journal.pone.0114790.t004

###### Cellular markers of inflammation in mice after feeding with NCD, HFD or HFD with bilberries.

![](pone.0114790.t004){#pone-0114790-t004-4}

  Cell Type                         Label             NCD        HFD      5%BB in HFD   10%BB in HFD
  ------------------------- ---------------------- ---------- ---------- ------------- --------------
  \% of Lymphocytes                                                                    
  NK                              CD3-NK1.1+        3.9±0.3    3.3±0.4      3.6±0.5       2.6±0.2
  T cells                            CD3+           22.4±2.1   25.2±2.8    24.3±1.8       29.3±1.8
  \% of all T cells                                                                    
  T helper (Th)                    CD3+CD4+         49.7±3.3   50.0±2.5    50.3±1.8       50.7±2.5
  Cytotoxic T (Tc)                 CD3+CD8+         14.9±1.0   18.2±1.3    17.8±1.5       14.6±2.2
  **NKT**                       CD3+CD8+NK1.1+      16.0±2.1   10.1±1.3    12.5±1.6      5.1±0.5^a^
  **Mature NKT**             CD3+CD8+NK1.1+^high^   1.8±0.3    1.6±0.3      1.5±0.3      0.2±0.0^a^
  **IFNg producing**              CD3+IFNg+         20.2±1.6   20.3±1.8    20.3±1.7     12.1±1.8^a^
  IFNg producing Tc cells       CD3+CD8+ IFNg+      6.9±0.7    8.2±0.6      7.8±0.8       5.2±1.3
  \% of T helper cells                                                                 
  **Th 1**                    CD3+CD4+IFNg+IL4-     15.6±1.5   13.6±1.1     13.0±11      7.2±0.7^a^
  Th 2                        CD3+CD4+IFNg-IL4+     0.5±0.1    0.4±0.1      0.7±0.3       0.6±0.1
  Th 17                       CD3+CD4+IFNg-IL17+    0.6±0.2    0.6±0.3      0.5±0.1       0.3±0.1
  **Th1/Th2**                                         37±6       40±5        27±7         13±2^a^

NK -- Natural killer cells, NKT -- Natural killer T cells.

a\) Significantly different as compared to HFD (p\<0.05, Mann Whitney U-Test with Bonferroni\'s correction).

The splenic lymphocytes; T-cells and Natural Killer Cells (NK) and sub-populations of T-cells in mice fed with normal control diet (NCD), high-fat diet (HFD) and 5% or 10% BB in HFD for 12--14 weeks. Data from the FACS analyses is given as percentage of the respective cell population and represents the mean values of n = 6--11 mice per diet group ± SEM.

The relative numbers of T cells, NK cells and NKT cells and specific subtypes of T cells correlated with the serum levels of some pro- and anti-inflammatory cytokines (Table S6 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics). Perhaps most notably the relative numbers of Th1 cells correlated positively with several cytokines associated with the type 1 cell-mediated pro-inflammatory responses (MIP-1, TNF-α, IL-5 and IL-7), as would be expected.

Effects on blood pressure {#s3e}
-------------------------

The systolic blood pressure (SBP) in mice receiving HFD was moderately increased at 7--8 weeks (+4 mmHg) and significantly increased at 11--12 weeks (+8 mmHg) ([Figure 4](#pone-0114790-g004){ref-type="fig"}). In contrast, mice fed with BB in HFD did not develop hypertension. This difference was observed as mice in 10% BB in HFD had significantly lower SBP (−6 mmHg) than mice fed HFD alone, as early as 7--8 weeks after starting the diets (p\<0.05). Moreover, both BB fed groups exhibited significantly lower blood pressures than mice fed solely a HFD at 11--12 weeks ([Figure 4](#pone-0114790-g004){ref-type="fig"}). No significant differences were observed in heart rates (Table S5 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics).

![Effects of feeding NCD, HFD, or bilberries in HFD on the systolic blood pressure in mice.\
Systolic blood pressure (SBP) was measured by the non-invasive Tail Cuffs photoelectric method at 7--8 and 11--12 weeks after the start of the diets. The bars represent the means and SEM of n = 10--14 mice per diet group (see details in Table S5 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics). Asterisk (\*) indicates the significant differences of HFD group from NCD and 5% BB and 10% BB in HFD groups (\*p\<0.05, \*\*p\<0.001, Mann Whitney U-Test with Bonferroni\'s correction).](pone.0114790.g004){#pone-0114790-g004}

The blood pressure was found to correlate with the intake of sodium and levels of pro-inflammatory cytokine IFN-γ and the relative amount of cellular markers of inflammation (Figure S5 and Table S6 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics). The relative amount of several subtypes of T cells correlated positively with blood pressure: i.e. the amounts of Th1 (r = 0.47, p = 0.025), mature NKT cells (r = 0.52, p = 0.011), INF-γ producing cells (r = 0.57, p = 0.004) and Tc cells producing INF-γ (r = 0.60, p = 0.002) were higher in elevated blood pressure ([Figure 5](#pone-0114790-g005){ref-type="fig"} and Figure S5 in [S1 Panel](#pone.0114790.s001){ref-type="supplementary-material"}, supporting phenotypic characteristics). In addition, blood pressure correlated negatively with the adiponectin level in mice fed with BB and positively in mice fed HFD alone ([Figure 5](#pone-0114790-g005){ref-type="fig"}). The adiponectin level correlated also positively with weight for mice fed HFD (0.56, p = 0.038) but not for mice fed BB.

![Correlations of T helper type 1 cells (Th 1) and serum adiponectin with blood pressure in mice fed NCD, HFD or bilberries in HFD.\
Correlations of Th1 and serum adiponectin (µg/mL) with blood pressure in mice were analyzed after feeding diets for 12--14 weeks. The relative number of splenic Th 1 cells (CD3+CD4+IFNg+IL4-) of all T cells (CD3+) was used in calculating the correlation. The values of the group fed 10% BB in HFD are highlighted by red circles. Each symbol represents an individual measurement. The lines indicate significant correlations (Spearman\'s test).](pone.0114790.g005){#pone-0114790-g005}

Discussion {#s4}
==========

The present study aimed to test whether whole bilberries (freeze dried) as a part of the high-fat diet (HFD) can prevent development of obesity and related metabolic and immunological disturbances. In an attempt to assess this problem we used the HFD mouse model [@pone.0114790-Mills1]--[@pone.0114790-Montgomery1], [@pone.0114790-Surwit1] and we measured several metabolic and immunological characteristics known to be associated with obesity and its adverse health effects. The results showed that bilberries effectively improve the inflammatory status and reduce hypertension caused by HFD, while having only minor effects on other obesity associated metabolic disturbances.

HFD associated weight gain and disturbances in glucose metabolism {#s4a}
-----------------------------------------------------------------

The HFD mouse model is distinctive in increasing weight gain and producing hypertension, hyperlipidaemia, and altering several markers of inflammatory status as shown here and in previous studies [@pone.0114790-Xu2], [@pone.0114790-Mills1]--[@pone.0114790-Collins1], [@pone.0114790-Kleemann1]. Weight gain induced by HFD was significantly reduced by 10% BB added to HFD, and also the body fat % tended to be reduced in parallel with the change in adipocyte secreted leptin. These results are in agreement with those of Tsuda et al. 2003 [@pone.0114790-Tsuda1] and Heyman et al. 2014 [@pone.0114790-Heyman1] who showed that high intake of ANCs can reduce the HFD induced weight gain in mouse models of obesity or diabetes. ANCs supplied in drinking water or in extracts are better absorbed [@pone.0114790-Yang1], and have also been found to decrease adiposity and improve insulin sensitivity [@pone.0114790-Prior1], [@pone.0114790-Prior3]. As expected, mice fed HFD also became glucose intolerant and insulin resistant. However, we were unable to observe changes in relative insulin sensitivity. One reason for this phenomenon may be that the strain C57BL/6J is known to be more resistant than other mouse strains to HFD produced changes in insulin sensitivity [@pone.0114790-Rossmeisl1]. Previous studies have found that bilberry extracts can increase insulin sensitivity at 5--8 weeks in male KK-A^y^ mice model of T2D [@pone.0114790-Takikawa1] and 4% (w/w) blueberries at 8 weeks for the HFD mouse model [@pone.0114790-DeFuria1]. The short fasting time (2 h) as well as lower insulin dose may explain the differences between our findings and those by others using mice fasted for 6 or 14 h [@pone.0114790-DeFuria1], [@pone.0114790-Takikawa1]. The fasting time is a crucial factor affecting insulin receptor signalling pathways [@pone.0114790-Agouni1]. Thus these results indicate that while whole bilberries are effective in increasing insulin sensitivity at the early stages of obesity, they are unable to counteract the disturbance produced over a longer period of HFD feeding.

Effects of bilberries on HFD associated inflammation {#s4b}
----------------------------------------------------

HFD is known to cause low-grade chronic inflammation that is characterized by the interplay of several cell types and mediators, cytokines and adipokines [@pone.0114790-Xu2]. In this study, HFD tended to increase pro-inflammatory cytokines in parallel with weight gain and increased body fat. However, the levels of several parameters of inflammation were reduced by addition of bilberries to HFD, approaching the levels found for NCD fed mice. Bilberry intake appeared to consistently direct the HFD induced immune profile away from the type 1 cell-mediated immune responses also linked with the obesity associated cardiometabolic complications and hypertension [@pone.0114790-Xu2], [@pone.0114790-Mathieu1]--[@pone.0114790-Schiffrin1]. Namely, BB tended to decrease the levels of IL-1β, IL-2, IL-6, TNF-α, MCP-1 and collectively Th1 cytokines as well as the number of Th1 cells. Similarily, in a Zucker rat model of MetS 8% (w/w) blueberries (*Vaccinium angustifolium*) were found to decrease the levels of pro-inflammatory cytokines (IL-6, TNF-α and CRP) and to increase the adiponectin levels [@pone.0114790-Vendrame1]. These results are in line with human trials conducted by our group [@pone.0114790-Kolehmainen1] and others [@pone.0114790-Karlsen1]. Karlsen et al. (2010) reported the reduction in the levels of CRP, IL-6, and IL-15 by bilberries in the diet [@pone.0114790-Karlsen1].

In particular, IL-15 was nearly tripled by the HFD in the present study and not detected in either of the groups receiving BB added to HFD. The reduction of NKT cells for BB fed mice is in line with this since IL-15 is known to regulate the activation and proliferation of T, NK and NKT cells [@pone.0114790-Akdis1]. This is particularly interesting since the NKT cells are proposed to play a crucial role as the initiators of obesity associated inflammation and exacerbate impaired glucose homeostasis [@pone.0114790-Wu1]. Also the level of IFN-γ was increased for HFD fed animals and reduced to non-detectable levels by bilberries. These findings were supported by the cellular analyses as the number of INF-γ producing cells were reduced for mice fed with the high dose of BB. INF-γ has previously been shown to mediate obesity associated inflammation in adipose tissue. This may be partially mediated by its up-regulating effect on the expression of the gene encoding for MCP-1 [@pone.0114790-Rocha1], which is known to have a pivotal role in the recruitment and polarization of monocytes to the sites of inflammation in obesity [@pone.0114790-Kanda1]. Notably, and in alignment to this, the serum levels of MCP-1 were reduced by bilberries in the present study. This supports our previous findings displaying reduced expression of MCP-1 receptor gene (*CCR-2*) in human monocytes after feeding a bilberry enriched diet [@pone.0114790-Kolehmainen1]. The decreases in the serum cytokine levels observed may also reflect changes in adipocyte gene expression, as 4% whole blueberry powder (*Vaccinium ashei and V. corymbosum*) has been shown to decrease *IL-6, MCP-1* and *TNF-α* expression in the HFD mouse model [@pone.0114790-DeFuria1].

Resistin, an adipokine that has been linked to the onset of obesity-associated diabetes [@pone.0114790-Steppan1], was reduced in BB enriched diets. Anthocyanin rich juice has been shown to reduce resistin levels [@pone.0114790-Graf1] and our results support this finding. The regulation of resistin levels could be a target for anti-diabetic therapy, especially through its association with the inflammatory process [@pone.0114790-Pang1]. Overall, resistin has pro-inflammatory properties and can regulate *MCP-1* expression [@pone.0114790-Park1]. Further, it has also been found to exacerbate inflammatory processes in chronic endotoxemia [@pone.0114790-Park2], which could be reduced by bilberries in rats and humans [@pone.0114790-Kolehmainen1], [@pone.0114790-Sautebin1]. In addition, the levels of G-CSF were increased by BB added to the diet. The relevance of this finding is unclear, but interestingly it has been linked with enhanced regeneration of cardiovascular tissues and thus could have beneficial cardiovascular effects [@pone.0114790-Takano1].

Effects of bilberries on HFD associated hypertension {#s4c}
----------------------------------------------------

Hypertension is one of the the criteria for diagnosing MetS and commonly associated with obesity. In this study we demonstrated that bilberries can prevent the development of hypertension in a dose dependent manner. The pathophysiological mechanism of hypertension is multifactorial and includes oxidative stress, inflammation, the renin-angiotensin system and autoimmune vascular dysfunction [@pone.0114790-Stas1]--[@pone.0114790-Vlasova1]. Hypertension may be reduced by food constituents, some of which may act like anti-hypertensive medication e.g. as angiotensin converting enzyme (ACE) inhibitors, angiotensin receptor blockers, β-blockers, Ca-channel blockers, central α-agonists, direct renin inhibitors, direct vasodilators or diuretics [@pone.0114790-Houston1]. Our findings are in line with previous reports [@pone.0114790-Elks1], [@pone.0114790-Shaughnessy1]. Spontaneously hypertensive rats have been reported to have marked reduction in blood pressure after supplementation with 3% (w/w) freeze-dried blueberries (*Vaccinium angustifolium*) [@pone.0114790-Shaughnessy1]. The authors postulated that this reduction was due to reduced oxidative stress in the kidneys. Furthermore, Elks and colleagues showed that improved renal catalase and glutathione activities were likely behind the reduced blood pressure using 2% (w/w) blueberries supplemented diet *(Vaccinium spp.)* [@pone.0114790-Elks1]. Similar findings in the reduction of BP have also been demonstrated with other sources of ANCs [@pone.0114790-Shindo1]. Nevertheless, our study reveals for the first time that whole *Vaccinium myrtillus* berries clearly prevent the development of chronic hypertension. The mechanisms underlying these effects need still further investigation.

Our results further suggest that prevention of chronic hypertension by bilberries may be mediated by anti-inflammatory action. In HFD fed mice, the SBP correlated with a number of inflammatory markers and sodium intake. The blood pressure correlated with pro-inflammatory cells and cytokines, especially Th1 cells and their signature cytokine INF- γ. Similarly, increased levels of IL-6, leptin, and resistin have been previously linked to increased blood pressure and increased level of adiponectin to reduced blood pressure [@pone.0114790-Vlasova1], [@pone.0114790-Papadopoulos1]. In our study adiponectin was linked to reduced blood pressure for BB fed mice, but surprisingly an opposite correlation was found in animals fed HFD alone. This may be due to an increase in the amount of adiponectin secreting adipose tissue in mice with HFD, which is supported by the observed direct association between adiponectin and weight. The increased association may also be due to the ability of adiponectin to induce Th1 differentiation [@pone.0114790-Cheng1], which is affected by bilberries. Furthermore, there is also evidence from studies with mice [@pone.0114790-Aoqui1] and humans [@pone.0114790-Baumann1], that changes in the ratios of adiponectin isoforms could affect hypertension and inflammation in MetS.

Long-term effects on hypertension may be attributed to the reduced weight gain, oxidative stress and inflammation, whereas a short-term (acute) effects are most likely due to altered enzyme activities or compounds influencing vasodilation directly, as has been found with grape polyphenols [@pone.0114790-Mendes1] and ANC extracts from bilberries [@pone.0114790-Bell1]. Since ANCs have been shown to have acute vascular effects in rodent models [@pone.0114790-Kalea1], [@pone.0114790-Horrigan1] and in humans [@pone.0114790-Jennings1], the relaxation of arterial walls by ACNs is a possible mechanism for an acute decrease in blood pressure by bilberries that may in part play a role in the observed long term reduction in blood pressure. Blueberry intake has been associated with a reduction of blood pressure also in humans [@pone.0114790-Cassidy1], but findings in intervention studies have thus far been inconsistent [@pone.0114790-Kolehmainen1], [@pone.0114790-Basu1], [@pone.0114790-Riso1].

Strengths and limits of the study {#s4d}
---------------------------------

The strength of the present study is in combining the major phenotypic features of the metabolic syndrome with the analysis of several immunological markers. Some limitations still have to be considered before arriving at final conclusions for this study. We fed the mice with HFD and bilberries for three months and explored the effects of berries on development of obesity-associated symptoms. However, the duration of our study was relatively short, covering only the juvenile-early adult age of the animals. Fluctuations in feeding behaviour over a longer period can occur and influence the results as we observed. Moreover, a rather short fasting period was used in our study to better reflect the non-stressed physiological state. This may have introduced some variation in the parameters measured. Nevertheless, logical trends concerning the effects of bilberries were found both with individual and combined parameters of inflammatory cells and cytokines. Furthermore, studies utilizing gene expression patterns, metabolomics and microbiomics in target tissues and organs of the obesity-associated effects may further unravel more detailed mechanisms underlying these health effects.

Conclusions {#s5}
===========

We have shown here with the HFD mouse model that bilberries can ameliorate or prevent metabolic disturbances associated with developing obesity, especially systemic low-grade inflammation and hypertension. The effect of whole bilberries on hypertension associated with HFD consumption has not been examined in detail prior to this study. Since the obesity associated pathologies are usually clustered (IR-T2D-hypertension) [@pone.0114790-Reaven1], dietary approaches influencing all of these pathologies may be more beneficial than treating hypertension or abnormal glucose levels alone. Our findings attest to the epidemiological [@pone.0114790-Cassidy1], [@pone.0114790-Wedick1], [@pone.0114790-Muraki1] and clinical [@pone.0114790-Joseph1] evidence supporting bilberries as a promising candidate for the prevention of obesity related hypertension and low-grade inflammation.
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